This paper discusses an application of polarimetric measurements at vertical incidence. In particular, the correlation coefficients between linear copular components are examined, and measurements obtained with the NSSL's and 
of moderate to heavy rain; low values imply the presence of ice-phase hydrometeors. Measurements of cross correlation during lightning occurrences have been made at a 3-cm wavelength by Hendry and McCormick (1976) and at 10 cm by Metcalf ( 1993 ) , who observed a definite increase due to reorientation of crystals after the lightning flash. At horizontal incidence in rain, the cross-polar return (for horizontal or vertical polarization) is extremely small (Antar and Hendry 1985) ; therefore, the cross correlations between main (H or V) and orthogonally polarized (Vor H) echoes do not seem to carry significant information. In the presence of randomly oriented scatterers, such as at vertical incidence, the cross correlation is zero. The correlation coefficient between linearly polarized copolar echoes has been observed by several investigators (e.g., Bringi et al. 1991; Illingworth and Caylor 1989; Balakrishnan and Zrni6 1990) . The purpose of this paper is to present and interpret the first measurements of this correlation coefficient at vertical incidence through the melting layer. These measurements were made in Florida during the Convection and Precipitation Experiment (CAPE) with NCAR's (National Center for Atmospheric Research) CP-2 radar and in Oklahoma with NSSL's (National Severe Storms Laboratory) Cimarron radar. A low value of the correlation at the bottom of the melting layer seems to be caused by the presence of large, irregular aggregates. 46 JOURNAL OF APPLIED METEOROLOGY VOLUME33 2. Correlation coefficient In this section we review briefly the correlation coefficient between two linear orthogonally polarized backscattered waves. One of the linear polarizations is referred to as horizontal and the other as vertical, but that is only a carryover from horizontally scanning radars. At vertical incidence this pair can be arbitrarily oriented, yet some second-order moments [e.g., see Zrnifi ( 1991 ) for relations between second-order moments and polarization variables] of the echo signals might have discriminating properties with respect to the type of echoing hydrometeors. The correlation coefficient is defined by * (svvshh) (1) ahv(O ) = [ ( iShhl2) l/2 ( tSvvl2) l/2] -Here s0 is the backscattering matrix element of a hydrometeor (McCormick and Hendry 1985) . The first subscript refers to the polarization of the backscattered field (h or v) and the second to the polarization of the incident field. But in Ohv, the meaning of subscripts is different; each denotes the copolar transmitted and received polarization. The brackets are statistical expectations expressed in terms of the distribution of the hydrometeor's properties (i.e., equivalent volume diameter, shape, canting angle, etc.). Throughout this paper we consider only the magnitude of the correlation coefficient. NSSL's Cimarron radar provides ]Ph,(0)] in real time and at 768 range locations spaced 150 m apart (Zahrai and Zrnifi 1993), whereas the CP-2 radar, at the time of CAPE, processed data at 200 range locations spaced 200 m apart. The radars transmit an alternating sequence of H and V polarizations, and a procedure suggested by Balakrishnan and Zrni6 (1990) is used to obtain I oh~(0)l. This procedure is based on two assumptions. First, some a priori model for the power spectral shape such as Gaussian is needed (Doviak and Zrnid 1993) . Second, the correlation at lag (2/2/+ 1 ) T, (where Ts is the pulse repetition time) is assumed to contain independent contributions from Doppler spectral broadening and Ohv(0), SO that it can be expressed as a product o(2m + 1)phu(0) (Sachidananda and Zrnid 1986) . At lag 2m the correlation depends only on spectral broadening due to random motion of scatterers and at lag 2Ts it is given by ~ ( H2i * * H2i+2 --V2i+! V2i+3) h(2) = (M + 1 )(J6h + /3v) ' (2) where H2~ and V2~+~ are two successive complex echo samples, Ph and P~ are the mean sample powers at H and Vpolarizations, Mis the number of H or Vsample pairs, and the circumflex denotes estimates. An estimate of oh~(1) is obtained as [hhv(1)l = 2(/5h]5~),/2 , (3) where R, is the autocorrelation between successive H and V polarized echoes and Rb is the autocorrelation between V and H polarized echoes. The correlation coefficient is computed directly from Eqs. (2) and (3) as [~h~(0)l = h----~ Ih(2)l~/~'(4) because the assumption of Gaussian spectral shape permits equating [ p( l ) I to Io(2) } ~/4. The powers Ph and P~ in (2) and (3) contain both signal and noise; therefore, a correction must be incorporated to eliminate the noise bias. The following multiplicative correction of either prevents generation of negative powers: P(S/N) ?c = (5) (S/N+ l)' where P~. stands for corrected power, S is the signal power, and N is the white noise power. Equation (4) without noise correction (i.e., S/N>> 1 ) is used in the programmable signal processors on the Cimarron and the CP-2 radars, but the correction is applied after the fact to the recorded ] ph,(0)[ data from the Cimarron radar and is not applied to the data from the CP-2 radar. Although the estimate of the receiver noise is very accurate, other contributions such as quantization noise and external interferences can still bias the correlation coefficient. Practical details pertinent to errors in the measurements are summarized in Table 1 . The errors were obtained from graphs in Doviak and Zrni6 ( 1993 ) and Liu et al. (1993) . There are several meteorological factors that influence [0hv(0)}. These are related to apparent shape, size, and differential phase shift upon scattering, all of which often occur simultaneously in nature. The differential phase shift upon scattering is significant for Mie scatterers only. All the other listed effects are significant for both Mie and (0)[ to this effect. There have been no measurements of the correlation coefficient at vertical incidence; for horizontal incidence and in a rain medium, theory predicts that I Ph~(O) I will be very close to unity (Sachidananda and Zrnifi 1985) . Observations with a horizontally pointing beam show that the distribution of shapes (i.e., eccentricity of oblate spheroids due to dependence on size) decreases the correlation; for example, Balakrishnan and Zrni~ (1990) report a mean value of 0.98, whereas Illingworth and Caylor ( 1991 ) (6) We use this expression to help interpret the data from CAPE in the next section. 3. Measurements Sample measurements in two precipitation events are presented to illustrate the potential utility of the correlation coefficient to identify regions of mixedphase hydrometeors at vertical incidence. Under ideal conditions (without noise and/or artifacts) the mean correlation coefficient from pure rain at vertical incidence would be larger than 0.99 (Sachidananda and Zrnifi 1986) . This is because, at vertical incidence, shape variation with size is not apparent and the decrease in correlation would be due to secondary effects such as drop oscillations, coalescence, and breakup, etc. Fairly large values of }ph~(0)l are also expected from most frozen precipitation, but a decrease could occur in the presence of hail, large wet aggregates, and mixed-phase precipitation (Balakrishnan and Zrnifi 1990) . Values of reflectivity factor Z~ou (10-cmwavelength horizontal polarization), Doppler velocity (10-cm wavelength), LDR At a 10-cm wavelength the Mie scattering occurs for larger sizes; thus, if Mie scattering is partially responsible for the I t~,v(0) I minima, the notches will be narrower. On average the correlation coefficient minimum is about 0.82 (Fig. 3d) , and the maximum of LDR is about -10 dB. Substituting this LDR in (6) we obtain a minimum [Phv(0)[ of 0.8. These values suggest that much of the decorrelation found at vertical incidence can be explained by random orientation of distorted scatterers that can be modeled as prolate spheroids. Data from a stratiform region of a mesoscale convective system are presented in Fig. 4 . The profile of Z depicts a typical bright band (Battan 1973 ); a layer of reflectivity above 37 dBZ is between 2.1 and 2.4 km. It appears that the 0-C isotherm had been lowered either by precipitation or change in the environment; a sounding 40 km to the southeast and 2 h earlier indicated the freezing level was at 3.4 km above ground ratio LDR is from the 3-cm wavelength radar, which is on the same pedestal as the 10-cm radar. The reflectivity factor, Doppler velocity, and correlation coefficient are from the 10-cm wavelength radar. The enlarged profiles in Fig. 4e illustrate the relationships between the significant changes of Z, and v through the melting layer. The change of the velocity from -1 to -7 m s -~ (Fig. 4c) occurs between 3.45 and 2.85 km and coincides with the decrease of the correlation coefficient (Fig. 4e) . Over the same height interval there is an increase of the spectrum width (from I to 3 m s-~ in Fig. 4d) . Obviously, the relative amounts of liquid and ice precipitation change within this interval from predominantly ice to rain. The location of the dip in the I ph~ (0) I ( Fig. 4e ) might be where a combined effect of irregular, highly reflective wet aggregates and a highly diverse particle population at various stages of melting is strongest. At the first range location below the dip the correlation coefficient has not yet fully recovered, indicating that large aggregates may be present, in addition to drops, within the resolution volume. Note that a smaller number of large aggregates or irregular drops (with ice cores) is sufficient to reduce the correlation even if the number of spherical small drops is high because the contributions to the correlation coefficient are weighted by the scatterer's cross section. There were no in situ measurements on this day, but a quick consistency check of radar variables can be made using equations that relate the terminal velocity and the spectrum width to the reflectivity (Atlas et al. 1973 ). Thus, we use vt = 2.6Z-'m7, and ao = 0.3vt, and apply these to rain below the melting layer; there Z = 3000 mm6 m-3 (Fig.   4b ) from which vt = 6.1 m s-l. This is very close to the measured Doppler velocity change of about -6 m s-~ (Fig. 4c) . Drops with a 1.8-mm average diameter have a terminal velocity of 6 m s-~. Calculation of the spectrum width yields 1.8 m s-~, which is smaller than the measured 3 m s-~ (Fig. 4d) ; this is not surprising considering that biases by turbulence, etc., have not been removed from the measured data. The Z and I Ph~(0) ] profiles at vertical incidence are very similar to profiles obtained at low elevation angles in the mesoscale convective system of 3 June 1989 (Zrnid et al. 1993) . Note that the sharp decrease of ]ph~ (0)] occurs at a single range location (Fig. 4e) Jameson thoroughly reviewed the manuscript and was instrumental in arrangihg collaboration between the authors. We appreciate interaction with the Operational Support Facility, NWS, and the funding provided by the FAA for much of the receiver hardware. This research was supported in part by the NASA
